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 ȌĞ`4èőBʻÅ0/Ĭō3Üˎ1J&),źȐH,G	$3Üˎ3˷*1ʈǺ
G	ʈǺ4`3ȇŷ-GôɮŽKǱ,G	`3Ɣ*ďǮƫCE4ƫ GHz
-G`1ńâŴKɵ.1DFDFɋŢK,ʈǺKɵ.-G	$3
D1âŴKɵ)&`4ďǮƫĻĽð`.Đ5H`ŜǷʈB`3ďǮƫ
ĻĽŢ3ʍÂ0/1ȐEHG	ʻŚ3ďǮƫĻĽð`4ôďǮƫ-G&@ş
ɅĚ1J&),Ñ3ďǮƫǺĽKɵ14ɾƫĄ3$H%H3Ǯ˒-3ďǮƫĻĽŢ3˳`
Źɿ.Ĕ˯G	3Ĕ˯Kʆǫ!Gɺɠ.,1 Ą-şɅĚ1J&),Ñ3ďǮƫ
ǺĽKɵ.-GÑďǮƫ^G	 
 ÑďǮƫ^.4 John L. Hallõĩ. Theodor W. Hanschõĩ1D),˔șH&ɺɠ-G	
$H4Ñ˭ģ1,ďǮƫʫ1Ⱦ˕˜1ɜpL'Ñ-Fɋł0ÜÑBǺʦ0/1
źȐH,G	ÜÑ1GźȐ.,ďǮƫĤǽ.,áȐ!GƱǭG	 
 ǅȩȷ-4Ñ˭ģ3Ɣ*˳ďǮƫĻĽŢKPZǮ1ȳ#DF˳ĻĽ0PZǮĤ
ǽK»G.KȠȜ.ÑďǮƫ^3˔șKɵ)&	="˥ɚŬËǮėʪKȐ&ÑďǮƫ^
3˔șKɵ)&	H14˒ǄĻĽí»1˖,Ĕ˯)&	$-˥ɚŬËǮėʪK
Ȑ&ÑďǮƫ^1­JF˒ǄĻĽí»Kăɦ1!G&@ËǮÄƔ(PM)zMPuKȐ&˥ɚ
ŬzMPu|3  ĶġÔƗĖpĊǄ`K»ɽďǮƫ3˒ǄĻĽŢK˳!
G&@1Qɏ3Üĵ3ĎÿɚKâŴ3Ĥǽ.,áȐ!GÑďǮƫ^3˔șKȠƕ&	  
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1. Šʘ 
1.1 ȩȷ3ɥƻ 
 Ñ4Ɋĵ.,3Žʠ.Ǯí.,3ŽʠKƔ*	Ǯí.,3Žʠ1ǯȠ!G.$3Ǯ3Ɣ*
ďǮƫ4ăʂÑ˭ģEʡīɚ˭ģ1,D$ 100500 THz.0F1014.ĭ0ǒ3Ê
10G	=&ÑKÛ!˝1`KȐG.1DF1 MHzƫ GHz ¬ʲ=-3ǒ3ďǮƫ
KȫĽ#G.-G	H4`Öˋ1ķĞ!GÔƗĖ1DFȇĽ3ďǮƫƄÜ3
>ĀFÛ!.ăɦ'E-G	3Ĭ3ǒ=-ďǮƫKǫĽ-GȇŽôɮŽKƾ1ʶ
ǪďǮƫĻĽðKɵ)&`4ďǮƫĤǽ.,źȐ!G.-G	 
 Ĥǽ.4˥Ś1Ĭ3ǒ3ÊȫĽ,G.Kƕ!	ďǮƫĤǽ.4˥Ś1Ĭ3ǒ=-ď
ǮƫǫĽH,FďǮƫKǫĽ!G˝3Ĥǽ.0FųG.Kƕ!	Ĥǽ4ǺĽńʜDFAɋ
Ţ˳.ɿǪHG3-`3ĦĈ 1315ǒȠ=-ďǮƫ3ÊKȫĽ#EHG 10-13
10-153ďǮƫĻĽŢɿǪHG	3D0ďǮƫĤǽ3źȐ.,«3ÑǼ3ďǮƫĻĽŢ
3ʍÂBĤǽ3Ɣ*ďǮƫĻĽŢK«3`ÑǼB«3·ďǮ˭ģ3Ĥǽ1ȳ!G.0/
G	ȌĞĺļ1,`KďǮƫĤǽ.,áȐ!Gȩȷʿ@EH,G	 
 ďǮƫĤǽ.,ȐEHGɺɠ3 1*.,ÑďǮƫ^[1]G	ÑďǮƫ^.4ďǮ
ƫʫ1Ⱦ˕˜1		H4 John L. Hall õĩ. Theodor 
W. Hansch õĩE1D),˔șHÑ3A3.,Ñ3ďǮƫ3ɋłʈǺ1áȐ!G.-
G	$H®ã=-ɵJH,&Ʊǭ-GÑďǮƫjR[2].ȗ0GȀ4ɬ3ǺĽǟĖ-Ǻ
Ľăɦ0PZǮ3ďǮƫ-Ñ3ďǮƫKǺĽ-GȀ-G	H1DFďǮƫʈǺKɇƶ
*^vZo0c~c-ɵ.Kăɦ1&	«1AÑďǮƫ^3źȐ.,ʦˡʈǺ[3]0/
Ǜ
0Üˎ3ɋłǺĽ1áȐHG.G	 
 
1.2 ȩȷȠȜ 
 ďǮƫĤǽ.,3ÑďǮƫ^3źȐ-ÑďǮƫ^KďǮƫ^uh.,áȐ!G
.ƖEHG	Ñ˭ģ3Ɣ*˳ďǮƫĻĽŢKPZǮ1ȳ#DF˳ĻĽ0PZǮ
ĤǽK»G.-G	$3źȐ¿.,ĺļ1Ɖ(GPS3ɋŢKČ#G.0/
ƖEHG	3D0ĺļ-3źȐKľȌ#G14˒ǄĻĽí»Kăɦ1!G.BďǮƫ3
˒ǄĻĽŢK˳!G.Ǫ@EHG	 
 $-ǅȩȷ-4H=-˔ș,&˥ɚŬËǮėʪKȐ&ÑďǮƫ^1­JF˒ǄĻ
Ľí»Kăɦ1!G&@șƗĖ-GpĊǄ`KËǮÄƔ(PM)zMPuKȐ&˥ɚŬ
zMPu|-»ɽďǮƫ3˒ǄĻĽŢK˳!G&@1Qɏ3Üĵ3ĎÿɚKâŴ
3Ĥǽ.,áȐ!GÑďǮƫ^3˔șKȠȜ.!G	 
 
2 
 
2. øȍ 
2.1 ÑďǮƫ^ 
 ÑďǮƫ^.4ďǮƫʫ1Ⱦ˕˜3ɜpL'^wo0Ñ-G	ÑďǮƫ^
3 n ȖȠ3ɜpďǮƫ fn4ɟFʳďǮƫ frep.XNS}|UzekoďǮƫ fceo
KȐ,ť(2.1)3D1ɸHG	 
 (2.1) 
 
ě 2-1. ďǮƫʫ-3ÑďǮƫ^3ǙŻě 
 
ě 2-2. Ƹ˕ʫ-3ÑďǮƫ^3ǙŻě 
 
-nȖȠ3ɜpďǮƫ fnKǫĽ!G 2*3vh frepfceo1*,ʔƵ!G	="frep
4vc3Ƹ˕˕˜3ʷƫKɸ!	*=Fvc3Ƹ˕˕˜K T.!G.ť(2.2)3D1ɸ#G	 
!!"# = 1! (2.2) 
=&frep4pĊǄ`3ÔƗĖ˒K LÑʼŢK cÔƗĖÖ3ɡʼŢK ng.!G.ť(2.3)
3D1Aɸ#G	 
fn = fceo + n ⋅ frep
3 
 
!!"# = !2!!! (2.3) 
3ť(2.3)DFfrep4pĊǄ`3ÔƗĖ˒1DFǫĽHG.ÜG	$3&@Ô
ƗĖ˒KâŴ!G.1DF frepKĻĽð!G.-G	 
Ǡ1fceo4Ƹ˕ʫ1GvcÞ3XNǮ.ïɕɚ3yZ˕3¶Ȣ3"HKɸ!	X
NǮ.ïɕɚ3yZ˕3¶Ȣ3"HK∆!.!G.ť(2.4)3D1ɸ#G	 
!!"# = ∆!2! !!"# (2.4) 
ť(2.4)DFfceo KĻĽð!G14∆!Ľ-H5ɭ.ÜG	$3&@pĊǄ
`3ëʢŪŢKĪð#G.1DFÔƗĖÖ3ŊƍȋBáųc~Zo0/KĪð#fceoK
ĻĽð!G.-G	 
 ÑďǮƫ^4vcǮKÛç!GpĊǄ`KșƗĖ.,Ȑ$3pĊǄ
`EÛ&ÑE frepfceoKǖÛ$H%HKâŴ!G.1DFÑďǮƫ^3ćɜp
ďǮƫKĻĽð#G.-G	 
 
2.2 pĊǄ` 
 ʣȧÑvcKƧÛ!G`., QcPkj`.pkZ`G	Qc
Pkj`.44 @`ÔƗĖ3Ơİ*=F QÊK·&Ȉƃ-ëʢKɗþʪ
ÜŖñÜ1ĭ0)&Ƹ1ȥ˕Ȝ1ÔƗĖ3 QÊK˳ǽ¶1ʞ@EH,&SsY
KȧƸ˕-Ûç#G`-G	$3&@Q cPkj`4˳yZvKA*v
c3ŬƄ.ƴɟFʳKľȌ-G.ȇŷG	 
 ƱpkZ`.4ÔƗĖÖ3Ĭƫ3ɜp3¶ȢKƜĜĽ&Ȉƃ-șƗ#
G`-G	pkZ`4Ƹ˕ʫ-˥Ś1ȧvcśKƔ*vcÞ3ŬƄ.
ĽǄȜ0șƗKľȌ-G.ȇŷG	˥Ś1ȧvcśKƔ*34*A3Ǯ˒3ȗ
0GǮ1,ƗśĭȀKƸ˕ʫ-Ċ3Ȁ1ƜG.-$3Ȁ-4˥Ś1yZ3˳
vcŬƄH$H®ī3Ȁ-4Ǯ3ƗśƉ(ǳĈŝğðH 01ʲÊK.G&@
-G	=&ĽŚȜ0șƗ-G34Ǯ˒3ȗ0GǮ3ƗśÔ1ĭ0GȀďǄȜ1ʉH
G&@-G	 
 pkZ`3ÔƗďǮƫ 4Ñʧ˒K LǮ˒K ÑʼK c.!G. 
 (2.5) 
.0G.E 
 (2.6) 
νm λm
L =mλm =m
c
νn
νn =m
c
L
4 
 
.ɸ#G	- m4Ƭƫ-GEpkZ`3ÔƗďǮƫ˕˜ 4 
 (2.7) 
-ɸ#G	ĬpșƗ4áųŗģť(2.6)-ɸ#GÔƗďǮƫ˕˜DFĭƸ1ʢG	m ȖȠ
-3p3ƗśK ¶ȢK ďǮƫK 3.3ÑÓ¸3ˣĦ4ť(2.7)-ɸ!.-
G	 
! ! = !!!"# !!! − !!!!!!!!!  (2.8) 
pkZ4ćɜp3¶ȢĊǄ±Ɓ3˞FĈ 2 *3p3¶ȢœĽÊ-Ľ=
GƸ1șȏ$3.3¶ȢK !! − !!!! = (2.9) 
.!G.ť(2.9)EpďǮƫ 4ť(2.10)-ɸ#G	 !! = !! + 2!"∆! (2.10) 
ť(2.10)Kť(2.8)1­Ò!G.pkZɵJH,GȈƃ-3Ĭƫ3Ǯ3ˍ2ĈJ#KŇÛ
!G.-G	ɇôð3&@ƗśKÓ,!!.!G.¶ȢĊǄKɵ)&˝3ŪŢ4ť(2.11)-ɸ
#G	 
! ! ! = !"#! 2! + 1 !∆!! + 2!"#! !∆! + 2  (2.11) 
ť(2.11)DF¶ȢĊǄKɵ)&˝3ŪŢKɸ!˖ƫ4 2! + 1 !∆!3ďǮƫKƔ),G.ʁG.
-G	- 2 = 0.!G.ŪŢß@, 0 10G34! = 03.-G	0 Ǡ! = 2! + 1 !∆! !!-G.ɣG.3.3vcś4ť(2.12)-ɸ#G	 ! = 2! + 1 !∆! !! (2.12) 
ť(2.12)DFpkZ,GǮ3ɘƫ MĬƱȧvcKŬƄ!G.-G	 
pkZKľȌ!GƱǭ.,ŪŢÁķ3ƠİKGƱǭG	Ƹ˕ʫ1,vc
3Ɨśĭ.I-4ƠİňƗśň.I-4Ơİĭ0GD1!G.
-ʣȧvcð#G.-G	HÔƗĖ3D0Ċ ɓʧKɾƫėůŵ!GɌ-ɟFʳ
ɵJHG.1DFʣȧvcKșȏ#G.-G	 
 $3ƠİKGƱǭ.,NZmO{pĊǄ.vka{pĊǄG	NZmO{
pĊǄ4akh0/KȐ&pĊǄ-FǟǓȜ=&4ˣǩȜ1NZmO{0ĪʖKƠ
İĪʖ.,Ȑ,G	vka{pĊǄ4ßǄ3ĪʖK˚,NZmO{0Īʖ0-ŪŢÁ
ķ3ƠİK,Fă˱đĎÿ¸[4]BVd[5]KȐGA30/G	ǅȩȷ-4®-
ʴ:G˥ɚŬËǮėʪ.˥ɚŬĨś|KȐ,pĊǄKɵ)&	 
 
Δν
Δν =
c
L
Em fm ωm
ωm
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2.2.1 ˥ɚŬËǮėʪ 
 ˥ɚŬËǮėʪ(NPR˸Nonlinear Polarization Rotation)[6].4ŪŢÁķ3ɾŊƍȋKáȐ,
ËÑKėʪ#G.-G	ɾŊƍ.4Ñ²ơ!GĴʠ3ɜʫ.ǝʫ3Ŋƍȋ˄.Ë
Ñ.4ˣȬǮƔ*£1ȡ¥&ˣĦƄÜ.ȬĦƄÜ3¶Ȣ1D),ȏ GA3-G	zMPu
K²ơ,GÑ3ȡ¥!GËÑƄÜ4ɧŔ¶ȢĪʖ(SPM : Self Phase Modulation)BȢ£¶Ȣ
Īʖ(XPM˸Cross Phase Modulation).˥ɚŬŊƍȋĪðKā,$H%H¶ȢĪð!G	$
H%H-3¶Ȣazo3œ4ÑŪŢ1Áķ!G&@ŪŢ3˳ËÑ4ŪŢ3·ËÑDFAĭ
ėʪ!G	$-ÔƗĖÖ1P`0/3ËÑˈƎɏĵ.Ǯ˒ǌ0/3ËÑʖƬɏĵƘÒ
HE-ŪŢĭËÑȈƃ3>KˈƎÔƗ#G.-ŪŢÁķ3ƠİK»FÛʣȧv
cKșȏ#GpĊǄKľȌ!G.-G	 
 
2.2.2 ˥ɚŬĨś| 
 ˥ɚŬĨś|(NALM˸Nonlinear Amplifying Loop Mirror)[7].43ʸ˂ȋ
ŪŢ1Áķ!G.KáȐ,V|K˥ɚŬÑcPkj.,í»#G.-G	ÑcPk
j.4GɏĵKÑʸ˂!G.3ȈƃKÑĹȜ0ƈǦKȐ,ÝFƞEHGȌʜ3.-
G	-A˥ɚŬÑcPkj4Ñ$3A3$3ŪŢ1ź &cPkjȌʜKŦʢ!.Kƕ
!	
 NALM4_rkZŜǷʈ1Ĥ+&ÑzMPuKȐ&ŜǷ3ɺɠ-G	ŪŢ3˳vc1
DG˥Ȣþ¶Ȣazo3ɔǎ.,ŪŢ3·vc4þņŪŢ3˳vc4ʸ˂!Gªɒ
>10),G	˥ɚŬËǮėʪ.ǧʬ,ËÑKáȐ0&@ËǮÄƔzMPu(PMF˸
Polarization Maintaining Fiber)-ǚƄăɦ-Fī1Ū.koG	-
NALM3ȇŽ1ŭ˨KGzMPu|Ö3ɾŊƍ1*,bdɵÞKȐ,ɣG[8]	
a[pzMPu(SMF)9Òņ!GˣȔ}Zo E1Ûņ!GˣȔ}Zo E24ť(2.13)-ɸ
HG	 
!! = !!!!!! ,    !! = !!!!!!  (2.13) 
-bdɵÞKȐG.Òņ.Ûņ3ˣȔ}Zo3˖Ã4ť(2.14)-ɸHG	 !! = ! ∙ !! (2.14) 
bdɵÞ4ť(2.15)-ɸHG	 
! = !!"!! !−!∗ !!∗  (2.15) 
3. φ4¶ȢˀŤα4zMPu-3cA. B4zMPu3ɾŊƍ1˖!G 2*3ăíˋK
ɸA 4Ċʫ3ËÑKǚƄ!Gɿɏ˕3Vk|[ÃƫB 4ȡ¥!GËÑKǚƄ!Gɿɏ˕3
Vk|[ÃƫKɸ!	=&SMF1, A. B14ť(2.16)-ɸHG˖ÃG	 
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! ! + ! ! = 1 (2.16) 
ě 2-33_rkZ|1GzMPu3bdɵÞ4ƸʈėFK MCþƸʈėFK MA
.,ť(2.17)(2.18)-ĽɢHG	 
 
ě 2-3. _rkZ|3ǙŻě 
 
!! = !!!!!! !−!∗  !!∗  (2.17) 
!! = !!!!!! !!  −!∗!∗  (2.18) 
3.!! = !!-G	-_rkZ|93Òņ4 E13>zMPuV|3Üōǧ
K!: 1 − ! .¯Ľ!G.|1ÒGÑ E3E44ť(2.19)-EHG	 !!!! = 1 − ! ! !! ! 1 − ! !!0  (2.19) 
3.ɵÞ1G$H%H3Ľƫ4 1 00 1 -ĽɢHGĽ3Ƹ˕-ɸHG.!G	zMP
u3_rkZ|K²ƣ& E3. E44E3’E4’.,V|1ʳFť(2.20)-ɸHG˖
ÃKƔ*	 !!′!!′ = !! 00 !! !!!!  (2.20) 
²ƣƱČþń-GEE3’E4’3ţǜɌ3Č4 E3E4.ȗ0G	ţǜɌ3ČKþʪ#G
14!!!!.!!!!1ť(2.21)(2.22)-ɸHG˖ÃKƔ&#G	 
!! = −1 00 1 !! (2.21) 
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!! = !! −1 00 1  (2.22) 
E3’E4’4V|1,ĈǮHE1’E2’.,ÛņHť(2.23)-ɸHG˖ÃKƔ*	 !!′!!′ = ! ! 1 − !1 − ! ! ! !!′!!′  (2.23) 
ť(2.19)(2.20)(2.23)DFÒņ.Ûņ3ˣĦ3˖Ã4ť(2.24)(2.25)-ɸHG	 !!′ = ! ! 1 − ! ∙ !! +!! !! (2.24) !!′ = 1 − ! ∙!! − ! ∙!! !! (2.25) 
Üōǧ 50:50(! =0.5)3V|3ĦĈ 
!!′ = !!! +!!2 !! (2.26) 
!!′ = !!! −!!2 !! (2.27) 
3|Ñ3ŪŢ·Ȉƃ-í»˥Ȣþ¶Ȣazo(Nonreciprocal Phase Shift)0ĦĈ!! = !! = !KȐ,²ƣ&ˣĦ E2’4ť(2.28)3D1ɸ#G	 
!!′ = !!"!! ! − !∗2 0 −11 0 !! (2.28) 
ť(2.28)DF²ƣ&ˣĦ E2’3ËÑȈƃ4_rkZ|3ɾŊƍ1Áķ0.BA4 E2’
3Ɨś1ŭ˨K0 B 4ŭ˨KG.JG	H4·Ûç- Er ǶèzMPuĨśĖ
(EDFA˸Erbium-doped Fiber Amplifier)K¾)& NALM3ĦĈAƄFȺ*	=&|Ö1 π3
˥Ȣþ¶ȢazoG.(!! − !! = !)²ƣHGˣĦ E2’4ť(2.29)-EHG	 
!!′ = !!!!!! ! ! + !∗2! + !∗2 −!∗ !! (2.29) 
ť(2.29)DFAB4V|-3ʸ˂ȋ._rkZ|3ɾŊƍ3ìǎ1ŭ˨KG.
JG	ť(2.28)(2.29)Kǧʬ!G.˥Ȣþ¶Ȣazo4_rkZ|K²ƣ!GÑ3Ɨś.
ËÑKĪG.JG	 
 3 NALM KǱ&șƗĖ.,8 ĶġÔƗĖKȐ&zMPu`(F8L˸Figure-8 
laser)G[8][9][10]	H4 NALM.NPghKč?ȄƱČ|KV|-ɞ&ǚƄ1
0),G	3ÔƗĖ-3pĊǄí»4ŪŢ3˳vc1ń!G NALM3cň
ŪŢ3· CW Ñ1ń!G NALM 3cĭHEĊƸ1ƄFȺ*.3>ʢG	*=
FpĊǄí»ʢG34 NALM˳ʼ0˂˱đĎÿ¸3íK!G.-G	3.
NALM1,˥Ȣþ¶Ȣazo3ɔǎ.,ŪŢ3˳vc4V|Kʸ˂NPgh
Kʸ˂-GƱČ-ȄƱČ|1ÒFØ7V|Kʻ), NALM1ÒG	H1DF`
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șƗpĊǄí»ʢG	pĊǄǉ°3ǀˇð.,ť(2.29)3vh-G A
B 3ǀˇð*=FÔƗĖÖ3ɾŊƍ3ǉ°Kǀˇð!G.Źɿ-G	«1A 9 ĶġÔƗĖK
Ȑ&zMPu`(F9L˸Figure-9 laser)G[11][12][13]	 
 
2.3 ˥Ȣþ¶Ȣazh 
 2.2.2-ʴ:&D1NALMKȐ& F8L-pĊǄí»Kʢ!14ƸʈėF.þƸʈė
F- πȗ0G¶ȢazoK0H50E0	$3&@14NALM3ˋ1˒ SMFKƘÒ
ƸʈėF.þƸʈėF-3ÑʧœKĭ!G.ƱǭGÑďǮƫ^3ɟFʳďǮƫ
ň0G.nkoG	3ʆǫɀ.,zMPu3˒K˒#"1˥Ȣþ¶Ȣ
azoKG˥Ȣþ¶Ȣazh(NRPS˸Nonreciprocal Phase Shifter)G	˥ Ȣþ¶Ȣazh4
ě 2-43D1ǚƄH,G	 
 
ě 2-4.  ˥Ȣþ¶Ȣazh(NRPS)3ǙŻě 
 
zMnmh (FR˸Faraday Rotator)4zMnìǎKáȐÑ3ʷʿŽKŏ!.
-Gɺɠ-G	zMnìǎ.4þȬŽ¸Wc1ȡɚËÑKÒņ#,Ñ3ʿɵƱČ1
Ǭ),ȬȔKöè!G.1DFÛņÑǗ×ËÑ10F$3ʫėʪ!G.-G	=&
λ/2ǌ(HWP˸Half-wave plate)4¶ȢœK λ/2Gɏĵ-Ñʫ.ÒņÑ3ËÑƱ¶ɩ!GĦ
Ĉ4ÛņÑ3ËÑƱ¶4ÒņÑ.Ċ -FÑʫ.ÒņÑ3ËÑƱ¶ θ ÌĦĈ4ÛņÑ3ËÑ
Ʊ¶4ÒņÑ1ń 2θėʪ!G	ËÑ3ėʪƱČ3ȗ0G FRK 2*ȐƁ$3˕1 HWPKƘÒ!
G.-ě 2-5 3D1¶Ȣœ π 3˥Ȣþ¶ȢazoKèG.-G[8]	ľ˝14
FR B HWP 4Ǯ˒ÁķŽG&@Ǜ
0ďǮƫƄÜKč?vcKʻ˂#D.!G.$
H%H3ďǮƫ-āG¶Ȣazo3ˏĪJ),=	$-ćďǮƫ-3¶Ȣazo3ˏKŶ
ʖƬ!G&@1 λ/4ǌ(QWP˸Quartet-wave plate)K FR. HWP3˕1$H%HƘÒ&	=&
ŪŢÁķ3ƠİKDFpĊǄí»KʢFB!!G&@1P`(Polarizer)K
ȼ1ƘÒ&	 
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ě 2-5. ˥Ȣþ¶Ȣazh(NRPS)3í»øȍ 
(a) NRPS3ǚƄɏĵ (b)ćɏĵ1DGËÑ3ėʪƱČ (c)ɏĵãű-3ËÑ3ėʪ 
 
2.4 Üƪ 
 vcKșȏ#G˝1ɣ0H50E03Üƪ-G	Üƪ.4ŊƍȋǮ˒ÁķŽK
Ɣ*.Kƕ!	vczMPuK²ơ!G˝Ǯ˒.1Ŋƍȋȗ0G.1DFćǮ˒
3²ơƸ˕Īð!G&@vc3ǮŬĪð!G	Üƪ14ŇǮʧǚʽ1DGŇǮʧÜƪ.ǆƮ
3ŊƍȋĪð1DGǆƮÜƪG	ŇǮʧÜƪ4ŇǮʧK²ơ!G`Ǯ˒.1ȗ0G
ÑʧKʻG.1DGA3-ľìȜ0Ŋƍȋȗ0G	H4^N3òŰB^N.Zkp3Ŋƍ
ȋœŊƍȋÜŖ0/1Áķ,G	=&ǆƮÜƪ4Ȇʠ3ŊƍȋǮ˒1Áķ,G.1
DGA3-G	Z0}-ɣG.Üƪ3øĘ4ǈɛˣĵ3Ɨí1DFĴʠˣȬǮKĎ
ÿ!G˝Ĵʠȇǂ3Ô˴ďǮƫ1˖ʾ!G	Ĵʠ3Ô˴ďǮƫE˥Ś1ˡH&.I-4Ŋƍ
ȋ4ePƱȴť-ʲµ-ť(2.30)-ɸ#G[14]	 
!! ! = 1 + !!!!!!!! − !!!!!!  (2.30) 
3.!!4 jȖȠ3Ô˴ďǮƫ!!4 jȖȠ3Ô˴3ŪŢKɸť(2.30)3đ4ńʜ.,G
ďǮƫ˭ģ1GĴʠ3Ô˴ďǮƫÓ,1*,ĀG	ÑzMPu3!! , !! 4^N3ǆʠ1Áķ
,G3-ľ˲EÜƪƽɚǫ@EH,G	zMPu3ÜƪŽ3ìǎ4p3²ơĽƫ!K
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ŸďǮƫ!!3=JF1mPŋ˔!G.1DFʔƵHG	 
! ! = ! ! !! = !! + !! ! − !! + 12!! ! − !! ! +⋯ (2.31) 
3.!!4ť(2.32)-ɸHG	 !! = !!!!!! !!!!              ! = 0,1,2,…  (2.32) 
ť(2.31)3 2 Ǡ3˪=-1vc3²ƣD7$3ƗGɫ1*,ŭ˨ť(2.33)(2.34)-
ɸHG˖ÃKƔ*	 
!! = 1! ! + ! !"!" = !!! = 1!! (2.33) 
!! = 1! 2 !"!" + ! !!!!!! ≅ !! !!!!!! ≅ !!2!!! !!!!!!  (2.34) 
3.!!4ɡŊƍȋKɸ!	-!!4vc3ɡʼŢ3ʷƫ!!4vc3şF1˖!Gv
h-G	=&zMPuÑĹ3ƭȊ-ɬ1ȐEH,GÜƪvh D.!!3˖Ã4
ť(2.35)-ɸ#G	 
! = !!!!! = − 2!"!! !! ≅ − !! !!!!!!  (2.35) 
3Üƪvh!4a[pzMPu-4Ǯ˒ 1.31µm¬ʲ- 0K.G	 
 3.4Ǯ˒ 1.31µm¬ʲ-4vc3ǮŬĪð1.Kɸ!	!ʝ3˭ģ*=F!!
Ǣ3ĦĈKǢŚÜƪ˭ģ.Đ7!Ǣ3˭ģ*=F!!ʝ3ĦĈKȗŚÜƪ˭ģ.Đ8	ǢŚ
Üƪ˭ģ-4˳ďǮƄÜ·ďǮƄÜDFˀ²JFȗŚÜƪ˭ģ-4·ďǮƄÜ˳ďǮƄÜD
Fˀ²JG	pĊǄ`-4vc3ǮŬKĽ3Ŭ10H50E03-ÔƗĖ
KǚƄ!GzMPu3ǢŚÜƪ.ȗŚÜƪ3ˏːFĈD1ÜƪɼÍfÜƪ¬ʲ1ʲ+
G.ȍƀȜ-G	 
 āípĊǄ`1,4ÔƗĖÖˋ3ÜƪɼÍ1D),ÛçHGvcȗ0)&
ƗɫKȭ!¿.,gopĊǄ[15]ƖEHG	gopĊǄ1DGgo
Ǯ.4²ƣ1DGvc3ƑFȏ 0Ǯ3.Kƕ!	ȍƀȜ0˂ȴ1,4fÜƪƸ
-3ĦĈ'ľ˝4ÔƗĖÖ-3ÜƪȗŚÜƪ1Ë)&˝1ʁEHG	3gopĊǄ
1,ÛçHGvc3ȇŷ.,c~Zo˕3¶ȢƜ),,zS˙Ȕvc1
ʲÊKȭ!.Bkelly-sideband[16]Ⱥ*.ƖEHG	3pĊǄ3Ĕ˯.,Ô
ƗĖÖKyZv3˳vcďė!G&@ĪʖĻĽŽ0/3˥ɚŬìǎȏ ,=
..G	«14ÔƗĖÖ-vcƑĭ.ÿɝKɟFʳ0EƄ˒!Gcokj
vcpĊǄ[15].Đ5HGA3AG	H4gopĊǄ.ǧʬ,˥ɚŬŽ1D
GvcSsY3â˙Kā0&@˳ vcSsY.j|&vcųEHG	 
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2.5 ErǶèÑzMPuĨśĖ 
 Er ǶèÑzMPuĨśĖ(EDFA˸Erbium-doped Fiber Amplifier)4 Er ǶèzMPu(EDF˸
Erbium-doped Fiber)KáųĴʠ.,Ȑ&ʻ ÅǮ˒ŗ-G 1.5 µmŗ-DȐEHGÑĨś
Ė-G	EDFA3ȇŷ.,˳áų·ˠ˧ƕƫşŗģ0Ǯ˒ȇŽ˳˱đÛçËǮȁ
Áķ3áųȇŽ0/ƖEHG	EDFA3ĤǅǚƄ4ě 2-63D10),G	 
 
ě 2-6.  ErǶèÑzMPuĨśĖ(EDFA)3Ǚȕě 
 
ëʢÑǼ14Ǯ˒ 1.48 µm0.98 µm0/3òŇ¸`ȐEHG	1.48 µmŗ4 InGaAsP
Ɍ0.98 µmŗ4 InGaAsɌ3ǥʣǑĵKȐ"HAɜĬp3zM{~ġ3`
ȐEHG	1.48 µmŗ14SsYǽ¶œň&@ˏĵìȋɭ˳ÛçðB!
1.5 µmŗ.Ǯ˒œňĎÿŨ&@Er3Ñʧ˒K˒!GŹɿG	Ʊ0.98 µmŗ
4 3ǽ¶Ĩś˂ȴKáȐ!G&@ˠ˧ŉ0ÅĆńˠ˧ǧ(SNR˸Signal to Noise Ratio)4ɭ
ĎÿŪ&@Ĩśű3vŨ	3D0ȇŽG&@1.48 µmŗëʢ4˳Ûçȇ
ŽɿǪHG{chN|Ȑ0.98 µmŗëʢ4·ˠ˧*˳áųȇŽɿǪHG|N
|Ȑ-ȐEHG.Ĭ	ÅĆÑ.ëʢÑK3ˍ2ĈJ#14Ǯ˒ĬˍÜæ(WDM˸Wavelength 
Division Multiplexers)V|KȐG.Ĭ	 
 ËǮȁÁķ3ÑNPgh4Ñáų1³ŁȏșƗKƌG..A1ɧȂƧņĨśÑ(ASE˸
Amplified Spontaneous Emission)3zOpukZK˚ú!GŮæKƏ),G	ÑzMPu3
ErPU4˥ĒʠĴʠ-GWc1ǾʱL-G&@ɳÑȇŽĨśȇŽ1ËǮÁķŽ40	
$3&@ËǮȁÁķ3ÑNPghK¾.1DFECGËǮ1ń,Ċ3áųKųG
.-G	 
 =&ëʢÑKÒHGƱČ.,ÅĆÑ.ëʢÑ3²ƣƱČĊƱČ-GãƱëʢɌʷ.
0GűƱëʢɌëʢÑK˫ƱČü7ʷƱČ3ƱEÀɖ!GýƱČëʢɌ3 3ȵ˰G	ě 2-6
4űƱëʢɌ.0),G	ãƱëʢɌ4ÅĆÑ²ƣ1DGƠİ-vŨ0Fˠ˧ȇŽ
éð!Gã1Ĩś-G&@ˠ˧ȇŽ1ÎHG	űƱëʢɌ4Ûço¬ʲEëʢ!G&@Ĩ
śű3²ƣ1DGƠİŉ0&@ÛçȇŽ1ÎHG	ýƱČëʢɌ4ãƱëʢɌ.űƱëʢɌK
ɒ>ĈJ#&D0A303-·ˠ˧*˳ÛçȇŽKľȌ-G	ãƱëʢɌ4|N|ű
ƱëʢɌ.ýƱČëʢɌ4ÑÜˌĖ3ÜˌƠKɼÍ!G&@1ˇȐHG{chN|BÅĆÑ
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Ǽ3űǦ1ˌɠÑÅĆÑˏKĨè#G&@1ˇȐHGvN|.,ȐEHG.Ĭ
	 
 ě 2-6-4Òço. EDF3˕1WDMKƘÒ,G	H4EDF-ĎÿHE0
)&ëʢÑÒço1Ò),=.KˉG&@-G	 
 
2.6 ˥ɚŬìǎ 
 ʒˣ¸4ˣȬĦ3ŪŢ˳.Ñ1ń˥ɚŬźȿKȭ!	˥ɚŬźȿ3ȏ GȍȒ4Z
0}-ɣG.öèH&Ħ1D),ʢGǈɛˣĵ3˥ʖđˁí.˖Ã,G	$3ɔǎ
ˣǩýǘĵ1ʢĘ!GʒŇÜǘ P ˣĦ E 1ǧ¿00F$3˖Ã4ť(2.36)-ɸHGD1
0G	 ! = !! !(!) ∙ ! + ! ! :!! + ! ! ⋮ !!! +⋯  (2.36) 
3.!!4ȣȸ3ʒˣȋ!(!)4 jǠ3ƂāȋKɸ!	Üǘ P1ń,ɿ0˖K!G34ɚŬ
Ƃāȋ-G!(!)-G	!(!)3ìǎ4Ŋƍȋ!ĎÿÃƫ!1ĀFʱ=H,G	2 Ǡ3Ƃāȋ! ! 4
Ƚ 2˳ʖǮșȏđďǮșȏ0/3˥ɚŬìǎKG	 
 &'! ! ķĞ!G34Üĵ}-3þʪńȲŽ30Ɍ1˙EHG	ȨɯWc4! ! = 0
Kȭ!&@ÑzMPu4ʻŚ 2Ǡ3˥ɚŬìǎ4ȭ0	3Ǡ3Ƃāȋ-G! ! 4Ƚ 3˳ʖǮș
ȏ4ÑǮǵĈ˥ɚŬŊƍ0/3˥ɚŬìǎKG	! ! 4ÑzMPu-ʁEHGǀ·Ǡ3˥ɚŬ
ìǎ-G	¶ȢƬĈƄFȺ*D1őį0˙FȽ 3 ˳ʖǮșȏ4 ÑǮǵĈ.
)&ÑzMPu-ư&0ďǮƫșȏK³D0˥ɚŬ˂ȴʢGȫȋ4·	$3&@Ñz
MPu-ʢG˥ɚŬìǎ3ĭˋÜ4˥ɚŬŊƍ1DGA3-G	˥ɚŬŊƍ.4Ŋƍȋ3ŪŢ
ÁķŽKƕ!	˥ɚŬŊƍ1DFSPM B XPM 0/3ȌʜʢG	SPM 4ÑzMPuKÑ
²ƣ!G˝Ñɧʩ-Ŧʢ!¶ȢazoKƕXPM4Ǯ˒3ȗ0)&ÑĊƸĊƱČ1²ƣ
!G˝ȄƱ3Ñ1ȏ G˥ɚŬ0¶ȢazoKƕ!	 
 
2.7 ʝŘˊâŴ 
 șƗĖ-GpĊǄ`EÛ&ÑE frepfceoKǖÛ$H%H3ďǮƫKĻĽð#
G.1DFÑďǮƫ^3ćɜpďǮƫKĻĽð#G.-G	`3ďǮƫĻ
Ľð-4ʝŘˊâŴ(sWmO{zOpukZâŴ)KȐG.ɬȜ-G	ʝŘˊâŴ4
ɌK¹ŢAďė!G.-ȠǜÊ9ɧíȜ1ʶŲ!G.ăɦ-Fáų(Gain)K 1 È®1-
G.áȀG	ʝŘˊâŴ3ǙŻě4ě 2-7 3D10G	3.âŴńʜ AâŴ
ėʧ(servo filter) G-G	 
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ě 2-7. ʝŘˊâŴ3ǙŻě 
 
ě 2-7 1,ÒçÅĆ VinK A È1&ÅĆ.ûȃÅĆ Vref.3œÜKĀFG 3˖ƫK,
ÒçÅĆ3œÜKĀG	3.Vin. Vout.3˖Ã4ť(2.37)(2.38)-ɸHG	 ! !!" − ! !!"# − !!"# = !!"# (2.37) 
!!"# = ! !!" + !!!"#1 + !"  (2.38) 
ť(2.38)DF!" → ∞-G.!!"# = !!".0G.JG	!"
		
	
ˍɿ10G	 
 
ě 2-8. 1Ǡ3vczOh3ȇŽKƔ*U||áų 
 
 ě 2-81ɇô0 1Ǡ3vczOh3ȇŽKƔ*U||áųKȭ!	ʝŘˊâŴ1
GâŴŗģ*=FâŴ1DFˠ˧Kƌĝ-GďǮƫŗģ4âŴáų 0 dB =-3ďǮƫŗ
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ģKƕ!	=&âŴáų 0 dB.0GďǮƫKrmO]PďǮƫ(Unity gain frequency).Đ
8	âŴKG-43rmO]PďǮƫ-3¶Ȣˍɿ-G	ť(2.38)DFáų
ȾÈ®3ĦĈĤǅȜ1ÒçÅĆ4ûȃÅĆ9ʲ+.JG	rmO]PďǮƫ
1,¶Ȣ π®âŴɌKʻ,Īð!GĦĈ AG  −AG .0G	$3&@ÅĆșƪ
rmO]PďǮƫ1,ɌŪĪʖKāG	HKșƗ.Đ7ʝŘˊâŴɌK»Ƅ!G
-4¶ȢɼÍK!GŹɿG	 
 ¶ȢɼÍKɵƱǭ.,[pzOhKȐGƱǭG	[pzOh4ě 2-9
3D1]P3Ìǀß4ŝĠďǮƫ˳0G1*H 1Ǡ3Ì-)&űØ7ŝĠ
10GźȿȇŽKȭ!	 
 
ě 2-9. 1Ǡ3[pzOh3ȇŽKƔ*U||áų 
 
¶Ȣ4]P3Ì1Áķ,G&@˳ďǮ˭ģ1,¶ȢƆG.ȇŽKƔ*	3z
OhKȐG.-·ďǮƫģ1GáųKȫÄ**rmO]PďǮƫ1G¶Ȣɼ
Íăɦ.0G	3D1âŴėʧKʊʈ!G˝ɬȜ1rmO]PďǮƫ1,¶Ȣ4
30®3ºɻKA&#G	H4¶Ȣºɻ.Đ5HG	 
 
2.8 U||áų 
 U||áų4âŴɌ1ńĪʖÅĆ VSKè&.3áųKďǮƫƙŦ0EǺĽ!
G.Ʊǭ-ǺĽ!G.-G	ɌK˓ ,0ĦĈĤǽ1ń,âŴńʜ4ʶ
Ų0&@ųEHGʓœÅĆ14ˠ˧Ĭč=H,=	$3&@ľ˝3U||
áųDFA SNR éðǺĽ1ʓœÅĆ3iPqkZbKīHǢȫ0ȇŽʍÂKɵ
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.ˢ	$-Ɍ˓ &Ȉƃ1ʲ+G&@ʝŘˊâŴKɵ0EÓ¸3U|
|áųKǺĽ!G.ƱǭȐEHG	 
 
ě 2-10. U||áų3ǺĽƱǭ 
3.3 Vout4ť(2.39)-ɸHG	 
!!"# = !1 + !" 푉!" + ! !!"# − !!  (2.39) 
=&2Ȁ ab-3ÅĆ4$H%Hť(2.40)(2.41)-ɸHG	 
! = !1 + !" 푉!" + ! !!"# − !! − !!"# (2.40) 
! = !1 + !" 푉!" + ! !!"# − !! − !!"# + !! 
= !1 + !" 푉!" + !!!"# + 1! !! − !!"#        (2.41) !! → ∞1ʲµ-GĦĈť(2.40)(2.41)DF! !KǺĽ!G.-! ! = !"KǺĽ-G.
JG	3ǺĽKɵ˝3ǯƁȀ.,ĪʖÅĆ3ÊKâŴ3iPqkZbKʤ0D
1*ˠ˧1ń!G SNR A˳0GD1ʊĽ0H50E0	=&GďǮƫŗģ-
˥Ś1˳áųKƔ*âŴɌ3ĦĈɓʧ3ʺ-ÅĆ3Ɨś˱đB!3-«3ďǮƫŗģ
.ǧʬ,Ǣȫ1U||áųKǺĽ-0.AG	 
 
2.9 ÑďǮƫ^1GďǮƫĻĽð 
2.9.1  frep3ĻĽð 
 ť(2.3)DFfrep4ÔƗĖ˒KâŴ!G.1DFďǮƫĻĽð!G.-G.JG	ȸ
˕Ɍ-ǚɆH&`3ĦĈ141ĀF¬&ĝˣɏĵ(PZT)zMPu-ǚɆH&Ô
ƗĖ3ĦĈ14zMPu1SXa0/-ĜĽ& PZT KȐ,âŴKɵ	H4 PZT 1èG
ˣĝKĪð#G.1DF PZT K´ɝ#,âŴKɵ	3Ʊǭ1,ǯƁ!:Ȁ.,
PZTɧʩƔ*ǟǓÔƗķĞ!G.1DF$3ǟǓÔƗ3ďǮƫ®10GDâŴŗģâ
˙HG.-G	¿52.0 mm  2.0 mm  2.0 mm3 PZT3ǟǓÔƗ4Ɏ 550 kHz10.0 
mm  10.0 mm  2.0 mm3 PZT3ǟǓÔƗ4Ɏ 150 kHz-G	=&zMPu-ǚɆH&
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ÔƗĖ3ĦĈ14zMPuKˑǌ31ĜĽˑǌ1ƛȤ&~jR93ˣĝĪð1³ǹŢĪ
ðKáȐ&zMPu9ȡƛǹŢʖɄKɵ.âŴƱǭAG	frep4pĊǄ`3Ûç
KzTonOmZh(PD)-āÑ!G.ǖÛ-G	PD -4pĊǄ`3ɜp˕˜x
oďǮƫ.,ǖÛHG	 
 -Ñ˭ģ1,ÑďǮƫ^3 frepfceo$H%H3vh3ŁKɣG	ÑďǮƫ^
3 nȖȠ3ɜpďǮƫ fn-3ďǮƫCEK dfn.!G.$3˖Ã4ť(2.42)-ɸHG	 !!!!! = !!!"# + !"!!"#!!"# + !!!"# ≅ !!!"#!!"#  (2.42) 
frep4PZǮ˭ģ1GĤǽ1D),ǡ@GĦĈ.ÑďǮƫĤǽ.Đ5HGďǮƫĻĽŢ3˳
`1D),ǡ@GĦĈķĞ!G	PZǮ˭ģ3Ĥǽ4Òƈŀƶ-GďǮƫĻ
ĽŢ 10-11.ÑďǮƫĤǽ.ǧʬ,·.Ĕ˯G	=&PZǮ˭ģ-âŴ&ĦĈ
$3ƟE nÈHG&@ Ñ˭ģ3Ĥǽ.ǧʬ!G.DFĻĽŢŹɿ10G	ƱÑďǮƫ
Ĥǽ4ďǮƫĻĽŢ 10-1310-15 'âŴ!G˝4ÑďǮƫĤǽ.ÑďǮƫ^3xoďǮƫ
KPZǮďǮƫ1ĊǄ#G.10G	xoďǮƫ3ɚś4ÑďǮƫĤǽ.ǧʬ,ɚś
3ĮpĊǄ`3ɚś-ǫ=),G	pĊǄ`3ɚś4ɐĦĈ-Aƫñ 
kHz -G3-$HDFA 1 ǒşƫț kHz ®3âŴŗģŹɿ.0G	$3&@˳ʼ=-
âŴŗģKƔ*ˣǩÑĹɏĵ(EOM)B˧˨ÑĹɏĵ(AOM)KȐG.Ĭ	 
 
2.9.2  fceo3ĻĽð 
 ť(2.42)EJGD1ÑďǮƫ^3ďǮƫĻĽŢ93Ł4 frep3;ĭDFĻ
ĽŢKČ#G14 fceo3âŴŹɿ.0G	fceo4Ñ3ďǮƫ1-ǚƄH,Gľ˝3ɜp
14č=H0¯ƀȜ0ďǮƫ-G&@frep.ǧ:,ǖÛęˢ-G	$3ǖÛƱǭ.,ǂċ
03 f-2fŜǷʈ-G	="ÑďǮƫ^3ďǮƫŗģK EDFA-˳Ûçð&ű˳ ˥ɚŬzM
Pu(HNLF˸Highly nonlinear fiber)1ÑKʻ!¢1DFě 2-113D0ďǮƫ1,UZh
{ş)&Ñ(SCÑ)KĀFÛ!	 
 
ě 2-11.  f-2fŜǷʈ1DG fceoǖÛ3ǙŻě 
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Ǡ13Ñ3c~Zo3 fmK PPLN(Periodicaly Poled Lithium Niobate)0/1ʻȽ 2˳ʖ
Ǯșȏ(SHG˸Second Harmonic Generation)Kɵ 2fmKų&ű2fm. fn.KŜǷ#ƤµȜ1
ÑďǮƫxo., fceoKǖÛ!G	H4ƫťȜ1ɸ!.ť(2.43)3D10G	 2!! − !! = 2!!"# + 2!!!"# − !!"# + !!!"# = !!"# + 2! − ! !!"# (2.43) 
ť(2.43)3 frepG˪4vczOh-ĀF˚	H1DFfceo3>ǖÛ!G.-G	 
 
2.10 ĻĽŢʍÂ 
 ďǮƫĻĽŢ3ʍÂ.,¶Ȣˠ˧c~Zo1DGʍÂ.NÜƪ1DGʍÂG	¶Ȣ
ˠ˧c~Zo4ďǮƫ˭ģ1GďǮƫ3ȫKɸ!	¶Ȣˠ˧4ǺĽŗģś&F3¶
ȢĪí3 2ŝğÊ[rad! Hz]-ĽɢHG	ɬȜ14ĤǅǮE3UzekoďǮƫ1G 1 
Hz ŗģś&F3ˠ˧3v.șƗĖ3ĤǅǮv.3ǧK.FSSB ¶Ȣˠ˧[dBc Hz].
,ɸHG	NÜƪ4Ƹ˕˭ģ1GďǮƫĻĽŢKɸ!	NÜƪ4ďǮƫVQhK
Ȑ,˒Ƹ˕ďǮƫKǺĽ!G.1DFǪ@G.-G	NÜƪ!! ! 4ť(2.44)-ɸH
G	 
!! ! = lim!→! 1! − 1 !!!! − !! !2!!!!!!  (2.44) 
3.N4ǺĽėƫτ4ǺĽƸ˕yk4$3.3ďǮƫCEKɸ!	 
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3. ˥ɚŬËǮėʪKȐ&ÑďǮƫ^3˔ș 
3.1 ˥ɚŬËǮėʪKȐ&pĊǄ`3Ǚɿ 
 ǅȩȷ-Ȑ&pĊǄ`3ǙȕKě 3-1 1ȭ!	pĊǄ`4Ðɵȩȷ[17]-
ȐEH,&A3KȐ&	 
 
ě 3-1. ˥ɚŬËǮėʪKȐ&pĊǄ`3Ǚȕě 
 
áųĴʠ., EDF-G LIEKKIȮ3 ER30-4/125KɎ 3.2mȐ,G	ëʢȐÑǼ14 FITEL
Ȯ3 FBG ¬òŇ¸`FOL0909A55 KȐ&	 3òŇ¸`E3ÑK WDM 1D
FSuskeoVk|[#ÔƗĖÖ1Òņ#G.-ëʢ,G	ÔƗĖÖ14˥ɚ
ŬËǮėʪ1,ËÑKʖƬ!G&@3ǟǚ., HWPQWPËÑKˈƎ!Gǟǚ.,
Polarizer(Pol)¸.0)&VekoƘÒH,G	HWPB QWP.)&Ǯ˒ǌ4Ŋƍȋ3
ĭʫ.ňʫKƔ),,HKėʪ#G.1DFËÑȈƃK^o!G	=&
ȄƱČ3>ÑėFșƗ!GD1NPghKƘÒ,G	3NPgh1A Pol *
,,Veko.NPgh1*,G Pol.)& 2*3ËÑĵKÔƗĖÖ1ƘÒ!G.
-3 2*3ËÑĵ-ˈƎHGÑ3>ÔƗ-GD10G3-ËÑĵ 1*3ĦĈDFAv
cŬƄHB!0),G	$,ÔƗĖ1D),ŬƄH&vcKĀFÛ!&@110%
3NQo|koV|K¾Ȑ,G	3pĊǄ`3ÛçKě 3-23-31ȭ!	 
976	nm	
iso
HWP,	QWP,	Pol	PZT
EDF
LD	
EOM
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ě 3-2. ˥ɚŬËǮėʪKȐ&pĊǄ`3c~ZoǮŬ 
 
 
ě 3-3. ˥ɚŬËǮėʪKȐ&pĊǄ`3Ƹ˕ǮŬ 
 
 âŴ1˖,4frep3&@3ÔƗĖ˒âŴȐ1pġ PZT. EOMKȐ,G	pġ PZT
14 EDFKŕ¬,FiPqkZb4 0.015 mmȴ-G	H4 frep3Īí1ƞɁ!
G.200 Hz3Īí1Ȣū!G3-EOM.ǧʬ,·ďǮ-3ˠ˧Kƌâ!G.-G	
ƱEOM 4ˣĝ1DGŊƍȋĪðKáȐľɵȜ0Ñʧ˒KĪð#G.-ÔƗĖ˒KĪð
#G	PZT.ǧʬ,iPqkZb4ȉźȿʼŢƴ&@PZT.½Ȑ!G.-˳
ďǮ3ˠ˧=-ƌâ!G.-GD10G	è,inline ġ3 EOM KȐ,Fȸ˕Ɍ
3A3.ǧʬ,²ƣ1DGƠİň0GD1,G	 
 3pĊǄ`KșƗĖ(Oscillator).,ě 3-43D0ǚƄ-3ďǮƫĻĽðKɵ)
&	 
-80
-70
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-40
1450 1500 1550 1600 1650
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Wavelength [nm]
0 nm
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ě 3-4.  ˥ɚŬËǮėʪKȐ&ÑďǮƫ^3ďǮƫĻĽðľ˲Ɍ 
 
3.2 fceo3ĻĽð 
 fceo3ďǮƫĻĽð4ě 3-53ľ˲ɌKȐ,ɵ)&	 
 
ě 3-5. f-2fŜǷʈ3ľ˲Ɍ 
 
ě 3-54ě 3-43ʡǏ-ƒ)& HNLF.ȸ˕Ɍ3 f-2fŜǷʈ3ˋÜKʐɐ1ȭ&ě-G	®ã
¾ȐH,&ɌE3ĪƾȀ.,ȸ˕ġ3ˋÜ1č=H,G 1030 nmŸ3upvczO
HWPQWP
Lens	
f=75
Lens	
f=75
Lens	
f=75
PD
BPF	
1030	nm
PPLN	
Mode-
locked	
laser
Monitor
OC	
90:10
OC	
90:10
OC	
50:50
WDM
Pol.	con.
EDF
LD	
976	nm
HNLF
frep	stabilized
iso.
SMF
DM	
1.5	µm
Collimator	
lens
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h(BPF˸ Band Pass Filter)KĪƾ&.1.5 µm3iPZPkZ(DM˸ Dichroic Mirror)
Kư&1ƘÒ&Ȁ-G	fceo3ǖÛ1,SCÑ1DG 1 µm. SHG1DG 1 µm ®ī3Ñ4
ˠ˧10),=3-SNR3ɭ fceoÅĆKĀų!G-«3ÑK PPLNʸ˂űE PD-ā
Ñ!G=-1ĀF˚.4ˍɿ-G	$-¨ėȐ&3 BPF. 1.5 µm3 DM-G	BPF
4òÊÓś(FWHM˸Full Width Half Maximum) 3.9 nm-G SemrockȮ3 LL01-10301Īƾ
!G.-SCÑ1DG 1 µm. SHG1DG 1 µmKDFȉŗģ-ÝFÛ#GD10)&	 
3zOh4Ɏ 1.35 µm®3Ñ4ʸ˂,=3-˳ ďǮ3ÑKˋĀF˚&@1 1.5 
µm 3 DM KȐ&	$3ɔǎųEH& f-2fŜǷʈű3Ñc~Zo4ě 3-6 3D10)&	
3.ʡɚ4ě 3-53 DM. BPFKƘÒ0)&ĦĈ*=F SCÑ. SHGÑǵ)&Ȉƃ
Kɸˤɚ4ě 3-5- PPLN3ã1 1.2 µm – 2.2µm3[vczOhKƘÒ&ĦĈ*=
F SHGÑ3>Kɸ!	 
 
ě 3-6. ˥ɚŬËǮėʪKȐ&ÑďǮƫ^3 f-2fŜǷʈű3 SCÑ. SHGÑ3Ñc~Zo 
 
 $3űPD- SCÑ1DG 1 µm. SHG1DG 1 µm3xoKāÑ&.ISNR·)
&	$-pĊǄ`3ëʢˣǲÊKëʢˣǲÊƟE-=)&.1ʢG
ÔƗĖÖv3Īð1DGËÑȈƃ3ĪðB˥ɚŬìǎ3Īðň0GD1&	=&
PPLN- SHGÑKșȏ#GǮ˒3PK 1030 nmEDF˳v3ųEHG 1015 nm
1Īƾ&	$,EDFA ˋÜ1ĀF¬EH&ËǮ^o(Pol. con.˸Polarization 
controller)-ÑzMPu1ĝçėʪKèG.-ɾŊƍKʒʢ,ËÑKʖɄ&	$3ɔǎ
RFc~ZoNqP`-ųEH&xoďǮƫKě 3-71ȭ!	 
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ě 3-7. ǖÛH&˥ɚŬËǮėʪKȐ&ÑďǮƫ^3 fceoc~Zo 
 
ě 3-7DFâŴKɵ-Źɿ.HG SNR 30 dBK˃Ƅ-,G.J)&&@fceo3
ďǮƫĻĽð3&@3âŴ1ȳ)&	ě 3-4 3D1frep0/ f-2f ŜǷʈ-ǖÛ& fceo®ī3ÅĆ
Kˣǩ LPF-ĀF˚PFD-ae_P`(Synthesizer)EÛçHGûȃÅĆ.3¶ȢœKʓ
œÅĆ.,Ûç!G	$3ʓœÅĆK servo filter1ÒçʓœÅĆ 010GD0ˣĝKÛç
ÔƗĖ3ëʢȐ LD 3ˣǲǼ3Īʖȼĵ.ëʢȐ LD 9ȡƛŘˊ!G.-âŴKɵ),G	
¨ėȐ&ÞâŴ3 servo filterKě 3-81ȭ!	 
 
ě 3-8. ˥ɚŬËǮėʪKȐ&ÑďǮƫ^3 fceo servo filter 
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3ě 3-83 servo filter-ďǮƫĻĽðKɵ)&c~Zo4ě 3-93D10)&	 
 
ě 3-9. ˥ɚŬËǮėʪKȐ&ÑďǮƫ^3ďǮƫĻĽðű3 fceoc~Zo 
 
3.ûȃÅĆ4 10.5 MHz.&	ě 3-9DF10.5 MHzKŸ.,Ú>(bump)-,
G.Efceo3âŴŗģ4ǮŬ1Ō-G=-3 230 kHz.0FSNRA 30 dBKųEH&¢
JG	3.ǺĽ&U||áų4ě 3-103D10)&	 
 
ě 3-10. ˥ɚŬËǮėʪKȐ&ÑďǮƫ^3 fceoâŴƸ3U||áų 
 
ě 3-101,ʡɚ4 Gainˤɚ4 PhaseKɸ!	·ďǮ-4 servo filter3 Gain˳0),
G&@Ǣȫ1U||áųKǺG.4-,010 kHz®1˖,4ǮŬǧ
ʬȜH1ĀH,G.E˳ďǮ4Ǣȫ1U||áųĀH,G.ɣEHG	ě
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3-10-4âŴŗģě 3-9.ǧʬ,ȉ0),GD1ʁGH4U||áųǺ
Ľ3&@1èɁėʧ0/ľ˝3âŴ-4¾J0A3KƘÒ&&@.ɣEHG	âŴ& fceo3ď
ǮƫĻĽŢKNÜƪ-ʍÂ&ɔǎKě 3-111ȭ!	 
 
ě 3-11.  ˥ɚŬËǮėʪKȐ&ÑďǮƫ^3 fceoâŴƸ3NÜƪ 
 
ě 3-11 1,ʡɚ4âŴƸ3 fceoˤɚ4ûȃÅĆKÛç!Gae_P`3ďǮƫĻĽŢKɸ
!	ě 3-11DFfceo4 1ȱ1,Ɏ 10-93ďǮƫĻĽŢ-G.JG	fceo3ďǮƫ^3
1 *3ɜp3ďǮƫĻĽŢ93Ł4n ʹÈÜ-æG.1DFǪ@EHG	ÑďǮƫ^
3ŸďǮƫ4Ɏ 193 THz -G.E1 ȱ1,Ɏ5.1×10!!"3ďǮƫĻĽŢ93Ł-
G	=&D$ 1 s – 2000s3Ƹ˕˭ģ1,ûȃÅĆ3ďǮƫĻĽŢDF 1ǒȴďǮƫĻĽŢ
ž.JG	H4»Ƅ& servo filter1DG¶ȢĊǄșƗ3Ȉƃ1ʲE-G.ɣ
EHG	ae_P`3ďǮƫĻĽŢ=- fceo3ďǮƫĻĽŢKG14servo filterKƥɭ
rmO]PďǮƫ-3¶ȢºɻKĨB!ŹɿG	 
 
3.3 frep3ĻĽð 
 frep3ďǮƫĻĽð4ě 3-43ə3ɚ-Ě)&ˋÜ3ľ˲Ɍ-ɵ)&	¨ė4ÑďǮƫĤǽ-Gȉ
ɚśÑǼ[18]1ń,¶ȢĊǄKɵ	$3&@14ȉɚśÑǼ.pĊǄ`3xoKų
GŹɿG	xoÅĆ3 SNR KČ#G14£1GȴŢ3ÛçKŹɿ.!G	ȉɚś
ÑǼ.ǧʬ,pĊǄ`E3ÛçŨ)&&@EDFA-ÛçKN|&ű 3 dB
V|-ĈǮPD-xoÅĆKĀų&	$3ɔǎųEH&xoÅĆKě 3-121ȭ!	 
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ě 3-12. ȉɚśÑǼ.pĊǄ`3xoÅĆ 
 
ě 3-12 1,ʡɚ4ȉɚśÑǼ3ÑǼ-GīˋÔƗĖġòŇ¸`(ECLD˸External 
Cavity Laser Diode)1ńďǮƫĻĽðKɵ)&˝3ȉɚśÑǼ.pĊǄ`3xoˤ
ɚ4z3 ECLD 3ȉɚśÑǼ.pĊǄ`3xoKɸ!	ě 3-12 DFECLD
1ńďǮƫĻĽðKɵ)&.3ƱɚśĮ0),G.JG	3.EECLD
1ńďǮƫĻĽðKɵ.ȉɚśÑǼ4¹E3Īʖ(modulation)KāďǮƫĻĽŢéð
,=.ɣEHG	3Īʖ3øĘ.,âŴɌ3ɓʧ3ˋ1ˠ˧ǵÒ,G.
ɣEHG	ě 3-12DF/(E3ĦĈ-A SNR 25 dB®140),G.J)&&@
âŴKɵ-4ŉʥF0źâŴ4ăɦ-G.ɣfrep3ďǮƫĻĽð3&@3âŴK
ɵ)&	fceoâŴƸ.ĊǛ1ʓœÅĆKų$3ʓœÅĆK servo filter1ÒçʓœÅĆ 010
GD0ˣĝKÛçpġ PZTKí! PZT driver. EOM1Řˊ#G.1DFÞâ
ŴKɵ)&	¨ėȐ&ÞâŴ3 servo filterKě 3-131ȭ!	 
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ě 3-13. frep servo filter 
 
3ě 3-133 servo filter-ďǮƫĻĽðKɵ)&c~Zo4ě 3-143D10)&	 
 
ě 3-14. ďǮƫĻĽðű3 frepc~Zo 
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3.ȉɚśÑǼ4ďǮƫĻĽðKɵ),GȈƃ-Fae_P`3ÅĆ4 10.5 MHz.
&	ě 3-14DF10.5 MHzKŸ., bump-,G.Efceo3âŴŗģ4 690 kHz
.0),G.JG	SNR4 17 dB. fceo.ǧʬ,·0),=),G	H
4Ï
3ȉɚśÑǼ.pĊǄ`3xoďǮƫ3ɚśĮ.øĘ-G.ɣE
HG	=&âŴ& fceo3ďǮƫĻĽŢKNÜƪ-ʍÂ&ɔǎKě 3-151ȭ!	 
 
ě 3-15. frepâŴƸ3NÜƪ 
 
ě 3-15EA frep3ďǮƫĻĽŢKČ#G14ȉɚśÑǼ1ǵÒ!GˣǩȜ0ˠ˧KĀF˚
.Źɿ-G.JG	 
 
3.4 ɣŃ 
 fceofrep3ďǮƫĻĽðKʻ,Ǜ
0.J)&	="ÔƗĖÖÜƪfÜƪ1ʲ
pĊǄ`KșƗĖ.,áȐ!G.1DFfceo3ɚśKɐȈƃ-ĀFÛ!.-G.
.-G	ǢŚÜƪ˭ģ3zMPu.ȗŚÜƪ˭ģ3zMPuKɒ>ĈJ#,ÔƗĖÖÜƪK
fÜƪ1ʲ+G.1DFvc4ÔƗĖÖ-Ƒĭ.ĝɝKɟFʳ0EƄ˒!G	$3&
@go˭ģ3vc1ǧ:,˥ɚŬŽ1DGvcSsY3â˙Kā0	*=F˥
ɚŬŽ1DGĪʖĻĽŽ0/øĘ- fceo1ˠ˧èJG.ŉ00G&@ɐɚś- fceo3
ÅĆKĀFÛ!.-G	 
 ƱĔ˯ȀAʁ*)&	1 *4˥ɚŬËǮėʪKȐ&pĊǄ`3˒ǄĻĽí»1
ń!GĻĽŽ-G	ËÑ3ėʪ4zMPu3ƽBǹŢ3Īð1ń,ƨƂ-G	$3&@
ÔƗĖKǚƄ!GzMPu3ɠƱB 1Ƴ3ǩǹ3Īð-pĊǄí»3&@3 HWPQWPPol
3ǉ°Īð&	˒ Ǆí»KĻĽ1!G14zMPuKSXa0/3ƛȤä-)FĜĽ
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pĊǄ`Kÿ@,GɃ1ń,ǹŢʖɄKɵ.ƖEHG	&'3ʆǫɀ1
³Ĕ˯Ȁ.,Veko93ƛɗˋÜ0/3˳Û,=ˋÜK/3D1ĜĽ!GĜ
ĽñÜ0ĦƇ-,=)&ĦĈ3zMPu3ǟǓÔƗǹŢʖɄK&@3ɏĵ3ʊɠĦƇ1
DGǹŢ3ğŽ0/ƖEHG	A 1*4âŴ1³ȉɚśÑǼ1ǵÒ!GˣǩȜ0ˠ˧-
G	âŴKɵ-ÅĆKĀų!GˋÜE^oÅĆKÛç!G.I=-Ǜ
0ˣǩ
ǟĖKȐG	$3&@ˣǼK©&ˠ˧3ZBćǟĖK*0 BNC \{-ˠ˧KƓ)
,=.ʢB!0G	HE3ŭ˨K0!&@14ˣǼɌKƬȍ!GSNC\{
1ˣȬapKƲ!ćˋĒKɞˋÜ1ńƽ0/ʝɰE0Dˌɠ!G0/3ńɀ
ˍɿ-G.ɣEHG	 
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4. ˥ɚŬĨś|KȐ&ÑďǮƫ^3˔ș 
4.1 8ĶġÔƗĖKȐ&pĊǄ`3˔ș 
 ĺļ-3źȐKɣ&˝˒ǄĻĽí».˒Ǆ3ďǮƫĻĽŢČŹɿ-G	$-˒ǄĻ
Ľí»Kăɦ1!G&@ě 4-13D0 8ĶġÔƗĖ1DGpĊǄ`K»ɽ&	ÔƗ
Ė3zMPu3ˋÜ4Ó, PMF3A3KȐ&	 
 
ě 4-1.  ˥ɚŬĨś|KȐ&pĊǄ`3Ǚȕě 
 
ëʢȐ LD 14ŸǮ˒ 976.0 nm -G 3SPTechnologies Ȯ3 FBG ¬òŇ¸`
1999CHP 3CN01351EAKȐ&	áųĴʠ14 EDF-G NUFERNȮ3 PM-ESF-7/125 K 0.9 
m Ȑ&	3zMPu3Üƪ3Ê4 15 ps/nm/km -)&	«3ˋĒ3zMPuAȗŚÜƪ-ǚ
ƄH,G&@3 Ȼ-ʴ:&˥ɚŬËǮėʪKȐ&pĊǄ`.4ȗ0FȗŚÜƪ
3zMPu3>-ÔƗĖǚƄH,G	ě 4-11,∆!.ɸH,G NRPS4OZ OPTICS
Ȯ1ȇǯ-Áˮ& FPR-12-11-1550-8/125-P-P-3&2&3-60-3A3A-1-1-SP:POL/FR:0DEG .ġ
Ȗ3ɽĒK¾Ȑ&	3 NRPSǚƄ4ě 2-43ǚƄ.Ċ -ě 4-23D0 1*3Veko10)
,G	Õ¸Ȝ14FRPolarizer^hdzMPu!-1ȼ-ĜĽH$3
˕1ėʪ#EHG HWP. QWPÒ)&A3.0),G	 
 
ě 4-2. ľ˝3 NRPS 
 
ćzMPuˋĒKɴȤ,ɞÔƗĖ˒4Ɏ 4.5 m.0)&	$3ű NRPSKʖƬ&ɔǎųE
H&Ñc~Zo4ě 4-3Ƹ˕ǮŬ4ě 4-43D10)&	 
EDF
LD	976nmWDM
Coupler	
50:50
OC	
90:10
iso.	
Δφ
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ě 4-3. ˥ɚŬĨś|KȐ&pĊǄ`3Ñc~ZoǮŬ 
 
ě 4-3DFpĊǄ`3Ûç4 1565 nmKŸ.,şFKƔ)&c~ZoǮŬK
,FȗŚÜƪ˭ģ3pĊǄ`3ȇŷ-G Kelly _PpupʁEHG¢EǢ
Ś1pĊǄí»,G.àƯ!G.-G	$3c~Zoś4˥ɚŬËǮė
ʪKȐ&pĊǄ`.ǧʬ,Ɏ 11 nm.ȧ0),G	H4ÔƗĖKǚƄ!Gz
MPuÓ,ȗŚÜƪ-FÔƗĖ.,3ÜƪfÜƪE˅0),=)&.øĘ-
G	=&ě 4-33ǮŬKĀų&˝ëʢˣǲ3Ê4 270.0 ˹A-)&	ëʢˣǲ3Êĭ
.ÔƗĖÖv˳0FjvcðB!	ľ˝3ÔƗĖ1GpĊǄí
»3ëʢˣǲ3˗Ê4Ɏ 950 mA-F$3c~ZoǮŬ4jvcƸ3ȇŷ-GďǄȜ
ƗíKƔ)&ǮŬ.0G	jvcƸ3ȇŷKȭ00G3Ɏ 330 mA®3.-G	
=&3jvc3ȇŷKȭ00Gëʢˣǲ3Ê4NRPSǉ°1D),ĪJG	$3NRPS
ǉ°4axN-Fȇ1 self-start1˖,4 QWP-3ŶʖƬˍɿ-G	 
 
ě 4-4. ˥ɚŬĨś|KȐ&pĊǄ`3Ƹ˕ǮŬ 
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ě 4-4DFďǄȜ1vcșȏ,G.JG	vc1D),yZ3Êȗ0G34
3Ƹ˕ǮŬ4nbhUac^|-Āų,FƸ˕1ń!G_|[ƫñÜ-40
.øĘ-G	H4Nq[Uac^|-ȫʑ&.I/3Ƹ˕˕˜-ʁ,Aě
4-43D0Īʖ4ʁEH0)&.EAàƯ-G	ě 4-541ȠȞF&F 100 ns3˕˜
-ʁ&.3Nq[Uac^|3ǮŬKȭ!	 
 
ě 4-5. Nq[Uac^|-ȫʑ&Ƹ˕ǮŬ 
 
ě 4-4ě 4-5/(E-AʁEHGyZű3Ō4pĊǄ`3ÛçKāÑ,G PD-
3þņøĘ-G	 
 =&pĊǄ`3ÛçKāÑ& PD -3ˣĝK RF c~ZoNqP`1Òç
!G.-ųEHG frep3c~ZoǮŬ4ě 4-63D10)&	 
 
ě 4-6. frep3c~ZoǮŬ 
 
ě 4-6DFfrep4Ɏ 45 MHz-G.J)&	 
 Ǡ13pĊǄ`3˒ǄĻĽí»Kȫʑ!G&@pĊǄ`3ÛçK PD
1	µm
RBW300 kHz 
VBW300 kHz
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-āÑďǮƫVQh- frep3ďǮƫKVQo&	3.ī3ŭ˨KāB!!G&
@pĊǄ`KɃ-ʀJ0)&	$3ɔǎKě 4-71ȭ!	 
 
ě 4-7. pĊǄ`3 frep3Ƹ˕Īð 
3.72Ƹ˕ɓ˂&ƸȀ-ǺĽKɑ &	ě 4-7DFī1EH,A 72Ƹ˕p
ĊǄ`ʾɗí»&.JG	3.EPMF-ǚƄ& 8ĶġÔƗĖ1DG
pĊǄ`4ĥȅŽ˳.ʇG	=&ě 4-7 DFpĊǄ`ďĚ3ǹŢĪð
!G.1DFÔƗĖřĪð&&@Ƹ˕1D),ɟFʳďǮƫĪð,G.JG	 
 3pĊǄ`KșƗĖ.,ě 4-83D0ǚƄ-3ďǮƫĻĽðKɵ)&	 
 
ě 4-8. ˥ɚŬĨś|KȐ&ÑďǮƫ^3ďǮƫĻĽðľ˲Ɍ 
 
PZT
Mode-locked	LASER
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PD
PD
PFD
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
PD LPF
PZT	
driver
BPFPFD
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servo	
ﬁlter
fep
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976	nm	
LD	
EDF
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iso	
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Δφ
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33 
 
4.2 fceo3ĻĽð 
 fceo3ďǮƫĻĽð3&@1="4ě 2-6.Ċ ǚƄ- EDFAK»Ƅ&	ëʢȐ LD14FITEL
Ȯ3Ǯ˒ 976 nm 3 FBG ¬òŇ¸`FOL0909A55 KȐ&	EDF 4 LIEKKI Ȯ3
Er30-4/125KɎ 3 ˹Ȑ&	3 EDFA3ǀĭÛç4pĊǄ`3ŸǮ˒-G 1565 
nm- 105 mW-)&	3 EDFAKʻ˂ű3ÑKȐ,ɧŔȢ˖ǮŬKĀų$3ǮŬE
vcśKǪ@&	ʣȧvc3vcś4PD -ˣǩȜ0ÅĆ3Ƹ˕ǮŬE4Ǫ@G.-
0	H4ʣȧvc3vcś-Gƫ psEƫñ fs1ńɬȜ0 PD3źȿʼŢ
źȿʼŢKˆ1ė),G&@-G	$-Ƹ˕1˖Ã&ŪŢÁķ3ȌʜKáȐ!GɧŔ
Ȣ˖ɌKȐ,vcśKǪ@G	3.Ȑ&ɧŔȢ˖ʈ3ľ˲ɌKě 4-91ȭ!	 
 
ě 4-9. ɧŔȢ˖ʈ 
 ě 4-9 1Ǭ),ɧŔȢ˖Ɍ3ʔƵK!G	="ÒņÑ3ËÑK QWP -ǀˇð&űxc
|kh(BS : Beam Splitter)- 2*1Ü$H%H3ÑKozZh(reteoreflector)1Òņ
#G	3.ȄƱ3ozZh4ˣí3ȳícmb1ĜĽH,Fˣí-cm
bKƙŦ!G.1DFȄƱ3Ñ'Ƹ˕ˀŤKȏ #G	Ǡ1ÜEH&ÑK 1Ǎ3d
-˟Ñ÷ 1 mm3 BBOɔƼ1Òņ SHGKșȏ#G	ǀű1$3 SHGÑKÑˣĵÈĨɂ
(Photomultiplier Tube)-āÑ!G.ǚƄ10),G	cmb3ƙŦ1DFƸ˕ˀŤ
EHBS-ÜEH& 2*3vc3Ƹ˕Ȝ0ˍ0FĪðSHG3ŪŢĪð!G.-ɧŔ
Ȣ˖ǮŬKųG.-G	Õ¸Ȝ14cmb3ƙŦʦˡEƸ˕ˀŤKʷɁ&A3Kǝʫ
ÑˣĵÈĨɂ-ųEH&ŪŢKɜʫ.!G.-ɧŔȢ˖ǮŬKųG.-G	ě 4-9 3ľ˲Ɍ
DFųEH&ɔǎKě 4-101ȭ!	 
QWP
BS
PC
Lenz
BBO
retroreﬂector
Input
Photomul7plier	tube
retroreﬂector
	
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ě 4-10. EDFAű3ɧŔȢ˖ǮŬ 
 
ě 4-10DFȢ˖ś∆τ4 528 fs-G.J)&	3∆τEvcś4®3ť-Ǫ@E
H&	 ∆!1.54 = 528 fs1.54 ≅ 343 fs (2.45) 
3.vcǮŬ4 sech2ġ.¯Ľ&	 
 3ɔǎKųG=-1EDFKʶè-ɴȤ,˒K´5vcĝɝKɵ.&ě 4-10
DFɐvcśKųG.4-0)&	3.EEDFA-3vcĝɝ1,ɴȤ
-3Ơİvcś1ŭ˨K,G.ɣEHG	EDFA 1, HNLF 1Òņ!G=-1v
cKDFĝɝ!G14EDFKʶè-ɴȤ!G3-40˒ EDF1¥ƞ!GDFĭ0Ǣ
ŚÜƪ3ÊKƔ* EDF1¥ƞ!G.Źɿ-G.ɣEHG	3Ȼ3˥ɚŬËǮėʪKȐ&
pĊǄ`3Ûç.ǧʬ,$A$A3vcśĮ..ě 4-3 EAɣEH
G3-ȌȈȐ,G EDF -40F3˒Źɿ10G.¡ƀHG	$0G.ýƱČ
ëʢɌ93Īƾ3ăɦŽAɣ0H50E0	=&ýƱČëʢɌ1Īƾ&.,A˒1
D),4ʺ-ÅĆÑǸɹÅĆÑĨśH0.ăɦŽAG	$3&@ƥɭ.,
4DFĭ0ǢŚÜƪ3ÊKƔ* EDF1¥ƞ!G.Ʊɭ.ɣEHG	 
 Ǡ1343 fs.vcś4[10]EAĲū0Ê-G.ɣEH&&@f-2fŜǷʈKȐ& fceo
3ǖÛKɵ)&	f-2fŜǷʈ4ě 4-111ȭ!ľ˲ɌKȐ&	 
528	fs
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ě 4-11.  ˥ɚŬĨś|KȐ&ÑďǮƫ^-3 f-2fŜǷʈ 
 
$3ɔǎųEH& f-2fŜǷʈű3Ñc~Zo4ě 4-123D10)&	3.ʡɚ4ě 4-11
3 DM. BPFKƘÒ0)&ĦĈ*=F SCÑ. SHGÑǵ)&ȈƃKɸˤ ɚ4ě 4-11
- PPLN3ã1 1.2 µm – 2.2µm3[vczOhKƘÒ&ĦĈ*=F SHGÑ3>Kɸ!	 
 
ě 4-12.  ˥ɚŬĨś|KȐ&ÑďǮƫ^-3 f-2fŜǷʈű3 SCÑ. SHGÑ3Ñc
~Zo 
 
3.pĊǄ`3ëʢˣǲ4 271.7 mAEDFA3ëʢˣǲ4 750.0 mA-)&	
=&PPLN- SHGÑKșȏ#GǮ˒3P4 1020 nmKȐ&	ě 4-12DFSCÑ1DG
1 µm. SHG1DG 1 µm/(E3ÑAÛņH,G.ȫʑ-&3-HNLFű3 SMF3
˒Kǀˇð!G.1DFhP[ɼÍKɵ)&	UZh{Ñ.,ųEH&vc4j
|Kā,G3-ě 4-133D1vcÖ- f. 2f3Ñ4Ƹ˕Ȝ1ˡH&Ȉƃ- HNLFE
ÛņHG	3Ȉƃ-42 *3Ñ4ˍ0),0&@ŜǷ0	$-zMPu3Ǯ˒Ü
HWPQWP
Lens	
f=100
Lens	
f=100 Lens	f=50
PD
BPF	
1030	nmPPLN	
Mode-
locked	
laser
Monitor
OC	
90:10
OC	
90:10
OC	
50:50
WDM
Pol.	con.
EDF
LD	
976	nm
HNLF
frep	stabilized
iso.
SMF
DM	
1.5	µm
Collimator	
lens
Ag	mirror
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ƪKáȐȄƱ3Ñ1Ƹ˕Ȝ0ˀŤKșȏ#hP[KƬĈ#G	Õ¸Ȝ14ě 4-113
D1HNLFű1ȗŚÜƪ-G SMFKƘÒ!G.-hP[ɼÍKɵ),G	 
 
ě 4-13. j|1DGvcÖ-3Ǯ˒ƄÜ3Ƹ˕Ȝ0"H 
 
3hP[ɼÍ1èMode-locked laser 3ëʢˣǲÊEDFA 3ëʢˣǲÊËǮ^o
-3ĝçB62FHWP,QWP3ėʪʅKʖƬSCÑ1DG 1 µm. SHG1DG 1 µm3
xoďǮƫ3 SNRČKɵ)&	$3ɔǎKě 4-141ȭ!	 
 
ě 4-14. ǖÛH&˥ɚŬĨś|KȐ&ÑďǮƫ^3 fceoc~Zo 
 
ě 4-14DFâŴKɵ-Źɿ.HG SNR 30 dBK˃Ƅ-,G.J)&	
ě 3-7 .ǧʬ!G.ɚśĮ.JG	H4˥ɚŬËǮėʪKȐ&pĊǄ`
1ǧ:,ÔƗĖÖÜƪfÜƪEˡH,FjvcʢFB!0/ĻĽ0ɿɏ
G&@XN3²ơʼŢ-G¶ȢʼŢ.vc3ïɕɚ3²ơʼŢ-GɡʼŢ3"HƸ
˕Ȝ1ĪðB!.ɿĘ'.ɣEHG	=&frepKâŴ,0.AɿĘ3 1*'.ɣ
EHG	Ǡ1 fceo3·ʼâŴKɵ)&	H1DFfceo3ɚśKǪ@&	 
2	ff
#me
30dB
RBW100 kHz 
VBW100 kHz
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ě 4-15. ·ʼâŴKɵ)&˥ɚŬĨś|KȐ&ÑďǮƫ^3 fceoc~Zo 
 
3.ae_P`EÛçHGPZǮKûȃÅĆ., LD pPu3ĪʖȼĵKȐ
&·ʼâŴKɵ)&	ě 4-15DFfceo3ɚś4l˖ƫ1DGzOkmO[-Ɏ 180 kHz
.0)&	H4®ãȩȷH&ÑďǮƫ^[19].ǧʬ,0Fş&@˳ʼâŴAɵ.
1DFƫț kHz®3âŴŗģŹɿ-G.JG	 
 Ǡ1âŴŗģKƑĭ!G&@LDjk|93ȡƛǯÒKȐ&˳ʼâŴ.3ÞâŴKɵ)&	
$3ɔǎųEH&U||c~ZoKě 4-16fceoc~ZoKě 4-171ȭ!	 
 
ě 4-16. ÞâŴƸ3˥ɚŬĨś|KȐ&ÑďǮƫ^3 fceoU||áų 
RBW30 kHz 
VBW30 kHz
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ě 4-17. ÞâŴƸ3˥ɚŬĨś|KȐ&ÑďǮƫ^3 fceoc~Zo 
(a) 20 MHzcv    (b) 1 MHzcv 
ě 4-16DFâŴŗģ 100kHz-G.JG	¶Ȣºɻ4 20Ţ-G&@șƗ
1ʲȈƃ-G.JG	ě 4-17DFĤǽ-G 10 MHzKŸ., fceoÅĆ4ĊǄ-
,Gȉȹð,ųEHGÅĆ3 fceoyZB_Pp3u|KʄǺ!G.4-0)&	
3.EȌĞ3șƗĖ1,4âŴėʧKǀˇðE1âŴŗģKƑĭ!GŹɿG
.J)&	ǐǅȜ14fceoÅĆɧ¸3ɚśKȉâŴŗģȉȈƃ-),A¶ȢĊǄă
ɦ1!GƱĻĽȜ1ĊǄ-G	$3&@pĊǄ`3 EDFKǢŚÜƪ3 EDF1Īƾ
!G.1DFÜƪKfÜƪ1ʲ+cokjvcpĊǄ1Īƾ!G.ǀɭ3ƈ
Ǧ-G.ɣEHG	 
 
4.3 frep3ĻĽð 
frep3ďǮƫĻĽð4ě 4-18 3ľ˲ɌKȐ,ɵ)&	ÑďǮƫ^3 SC Ñ.QɏĻĽð`
.3xoÅĆKĀų$3ďǮƫKĻĽð!G.1DF frep3ďǮƫĻĽðKɵ	¨ ė4
QɏĻĽð`3­JF1ôp3 1030 nm Fiber DFB`KȐ&	 
 
ě 4-18. ˥ɚŬĨś|KȐ&ÑďǮƫ^-3ǖÛɌ 
(a) (b)
Collimator	
lens
Lens	
f=30
PDSPF	
1180	nm
Nd:YAG	mirror
Ag	mirror
Collimator	
lens
Collimator	
lens
QWP
BPF	
1030	nm
BPF	
1030	nm ABenuator
comb	(SC)
1030	nm	Fiber	DFB
zzzzzz
QWP
PBS
39 
 
 
ě 4-184ě 4-83 1030 nm Fiber DFB`.3xoǖÛˋÜKʐɐ1ȭ&ě-G	Vk
oUzǮ˒1180 nm3aovczOh(SPF˸ Shortpass Filter)4ThorlabsȮ3DMSP1180
1030 nmŸ3 BPF4 FWHM 3.9 nm -G SemrockȮ3 LL01-1030FWHM 0.5 nm ®
-GÑ´ÑĹ1ȇǯ&ȉŗģzOhKȐ&	HE3zOh-ȠȜ-G 1030 nm®ī
3ÑKĀF˚ˠ ˧zNE0D1&	=&$H%H3Ñ3Ûņȡű1ƘÒ& QWP
KʖƬ!G.-ËÑKĈJ#EHGD1&	$3ɔǎųEH&xoÅĆ3Ñc~Zo4
ě 4-193D10)&	 
 
ě 4-19. ÑďǮƫ^3 SCÑ. 1030 nm Fiber DFB`3xoÅĆ3Ñc~Zo 
(a) 700 nmcv  (b) 50 nmcv 
 
ě 4-19 (a)DFzOh1DF 1030 nm ®ī3Ǯ˒3ÑǸɹ,G.JG	=&ě
4-19(b)DF1030 nm-ÑďǮƫ^3 SCÑ. Fiber DFB`3Ñˍ0),G.J
G	HE3ɔǎDFxoÅĆųEH,GăɦŽ˳.àƯ&&@PD -ÑďǮƫ^
3 SCÑ. Fiber DFB`3ÑKāÑ&	$3ÅĆK 22 MHz3ˣǩ LPF- frepƄÜKɱ.
tPdN|-ÅĆKĨś#, RF c~ZoNqP`-ÅĆKʄǺ&	$3ɔ
ǎxoÅĆ4ě 4-203D10)&	 
 
ě 4-20.  ÑďǮƫ^3 SCÑ. 1030 nm Fiber DFB`3xoÅĆ3c~Zo 
(a) (b)
15	dB
RBW100 kHz 
VBW100 kHz
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ě 4-201,08 MHz1ķĞ!Gˠ˧4 Fiber DFB`ďǮƫŗÓ¸3ˠ˧zN4
ÑďǮƫ^3 SCÑȒǊ-G	ě 4-183xoÅĆKųG-ǀAˍɿ0.4ÑďǮƫ^
3 EDFA3zMPu3ˌɠKǀˇð!G.-)&	HKǀˇð!G.1DFEDFA-3ƽ
Ơ0/3²ƣǉ°ĪðEDFA-3ÛçĪð!G	H HNLF-3 SCÑ3şFƱ1ŭ
˨Kü<1030 nm3ÛçĪð&.ɿĘ-G.ɣEHG	=&EDFA-3zMPu
3ƽĪð&.1DFHNLF Ûņ!G˝3ËÑĪð&.AɿĘ-G.ɣEHG	
ě 4-20DFxoÅĆ3 SNR 15 dBųEH,0.JG	H4āÑˋÜ1
,Fiber DFB`3Ûç 1.89 mW-G31ńÑďǮƫ^3 SCÑ3Ûç 5.4 µW
0.øĘ-G.ɣEHG	SNRKČ#G14ƱA4/(EȄƱ3Ñ3
ŪŢKG.Źɿ-G	Fiber DFB`3ÛçKG.ɇô'3ÛçK
G.ě 4-20 3 08 MHz 1ķĞ!Gˠ˧Ĩè!GăɦŽ˳ˠ˧3ďǮƫŗAşGă
ɦŽG&@ˇ ,0.ɣEHG	H4¨űQɏĻĽð`.3xoKĀG˝
QɏĻĽð`3Ûç Fiber DFB `3ÛçDFA·0GăɦŽG.EA
ˇ,0.ʇG	$3&@ÑďǮƫ^3 SCÑ-ųEHG 1030 nm3Ñ3ŪŢKG
.Źɿ-G	HKľȌ!G&@14EDFA-DFpĊǄ`3Ûç-GvcǮ
KĨś!G.Źɿ-G	ȌĞ4 4.5 m3 EDFK 976 nm3 LD-űƱëʢ!G.-vc
ǮKĨś#,G	$3 EDFA3 EDF3˒K´5ýƱČëʢɌ1Īƾ!G.A4˒
4ȌĞ.Ċ 1&˳ǿŢ3 EDF1ĪƾìȋKG.0/3ńɀɣEHG	 
 
4.4 ɣŃ 
 PMFKȐ& 8ĶġÔƗĖK»ɽ$3ŽɦKȫʑ&.1DF3ÔƗĖKȐ&p
ĊǄ`3ĥȅŽ3˳Kȫʑ!G.-&	Õ¸Ȝ14NRPSKǀˇð!G.1DF
ďĚ3ǹŢĪð1ŒąH"ĻĽȜ1pĊǄí»Kɵ.-&.ī1ƺ&Ȉƃ-
72 Ƹ˕3ʾɗí»ăɦ-)&.E˒ǄĻĽí»ăɦ-G.ɣEHG	HE3.E
ĺļȎħ1, PMF KȐ& 8 ĶġÔƗĖ3pĊǄ`4˒ǄĻĽí»ăɦ-G.ɣ
EHG	 
 =&fceo3ďǮƫĻĽð1GɔǎEgopĊǄDFcokjvcpĊǄ
3Ʊɚś3ɐ fceoÅĆųEHG.ɣEHG	gopĊǄ3ĦĈ˳ yZv3
vcÔƗĖÖKďė!G&@ÔƗĖÖ1GĪʖĻĽŽ0/3˥ɚŬìǎKŪā,
=	H1DFfceoÅĆ3ˠ˧ĨèfceoÅĆ3ďǮƫ4Ƹ˕Ȝ1ĻĽ10FfceoÅĆ3ɚ
śĮ0)&.ɣEHG	 
 frep3ďǮƫĻĽð1Č&ÑďǮƫ^3 SCÑ. Fiber DFB`3xoÅĆ3ɔǎE
4¨űQɏĻĽð`.3xoÅĆKųG-3Ĕ˯Ȁʁ*)&	$H4ÑďǮƫ
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^3 SCÑ1DG 1030 nm3˳Ûçð/=-ăɦð.Ĕ˯-G	ÑǼ-GpĊǄ
`3˳Ûçð4ù&@EDFA-3˳Ûçðˍɿ10),G	EDFK˒
&ĦĈ14ØĎÿ˳ǿŢǶè3 EDF 1Īƾ&ĦĈ14ǿŢǳÑ0/3Ĕ˯1DFÛçâ˙
HGăɦŽG	$H1³HNLF -3˂å0˥ɚŬìǎ3șȏ3ăɦŽA˳0G&@
HNLFKȧ!G0/3˒3ǀˇðŹɿ10GăɦŽG	$3&@$H%H3ĦĈ-3Û
ç3ĪðKʁȶAFľ˝1ȫʑ!G.Źɿ10G	$3˝HNLF1AÒņ$3Ûç3Ñc
~Zoü7 Fiber DFB`.3xoÅĆAȫʑ&;ɭ.ɣG	HNLF 1G
˥ɚŬìǎ3ʁȶAF4ˢFiber DFB`.3ËÑ3ˍ2ĈJ#4ľ˝1ȫʑ0H
5JE0.ĬE-G	 
 $, fceofrep3ďǮƫĻĽðKʻ,8ĶġÔƗĖ3 EDFKǢŚÜƪ1&cokjvc
pĊǄKșƗĖ.&ÑďǮƫ^.3ǧʬKɵŹɿG.ɣ&	ȌĞ3ÔƗĖKȐ&
fceofrep3ďǮƫĻĽŢPMFKȐ& 8ĶġÔƗĖ.ǚʽÓȗŚÜƪzMPu1DGg
opĊǄÅĆĀųˋÜ/H1D),â˙H,GKȫʑ!GŹɿG	HKȫʑ
!G.1DFĥȅŽü7 fceofrep 3ďǮƫĻĽŢ˳ÑďǮƫ^3˔șDFʿ?.ɣE
HG	 
   
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5. =.@.ŋǃ 
="˥ɚŬËǮėʪKȐ&pĊǄ`KșƗĖ.&ÑďǮƫ^3!!"#.!!"#$H%
H3ďǮƫĻĽðKɵ)&	$3ɔǎ!!"#3âŴŗģ4 230 kHz!!"#3âŴŗģ4 690 kHz.0
)&!!"#4ñÜ0 SNǧKƔ)&ÅĆųEH0)&	ďǮƫĻĽŢKČ#G14ȉɚśÑ
Ǽ3âŴɌKʁȡ!ŹɿG.ɣEHG	 
Ǡ1ĺļ-3źȐ1Č,˒ǄĻĽí».˒Ǆ3ďǮƫĻĽŢČʕ˯.0)&3-PMFK
Ȑ& 8ĶġÔƗĖ1DGpĊǄ`3»ɽKɵ)&	$3ɔǎ1565 nmŸ1Ɏ 11 nm
ş)&Ɏ 45 MHz3ɟFʳďǮƫKƔ*vcKųG.-&	=&ɧŔȢ˖ʈ-v
cśKǪ@G.343 fs-)&	˥ɚŬËǮėʪKȐ&ĦĈ.ǧʬ,vcśş34Ô
ƗĖÖÜƪfÜƪE˅0),=)&.øĘ.ɣEHG	3pĊǄ`K
șƗĖ.,!!"#3âŴKɵ)&	$3ɔǎ¶ȢĊǄKɵ),0Ȉƃ- SNǧ 30 dB®3!!"#
ųEH&A33ÞâŴƸ4ȉȹð,ųEHGÅĆ3 fceoyZB_Pp3u|KʄǺ!G
.4-0)&	 
 ¨ű4ďǮƫĻĽŢ 1ȱ-!" ! = 10!!"100ȱ-!" ! = 10!!"KȠƕ!!"#.!!"#$H%H
3ďǮƫĻĽðKʿ@G	!!"#4·ʼâŴ˳ʼâŴÔ1ėʧKǀˇð!G.1DFâŴŗģ3Ƒ
ĭKȠƕ!	!!"#4zMPu3ˋ93ǹŢʖɄ. PZTKȐ,ÞâŴ1DFďǮƫĻĽðKɵ	
è,pĊǄ`3ĥȅŽ3ǖʌKĽˏȜ1ɵ	®ãĺļ1Ɖ(EH&ÑďǮƫ^
[20]-AɵJH,&Ɨíʎ˲BǹŢʎ˲Źɿ-G.ɣG	=&ÔƗĖKǚƄ,Gȗ
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ʚʰ 
 ǅȩȷKɵ1ū&),Ĭ3Ʊ1ʏ10F=&	ǴƂʚKʴ:=!	 
 ±ƕŇƩē-GǣɤǻÙƩƚ14`0/3ÑÜˎEâŴȍʘ1ɨG=-śşÜ
ˎ1*,Ʃ,'FF.=&	ʇJH&.K 1Ţ-ȍʆ-"JE0
ˋÜKØ7ʔƵ,&'.AĬʵſK&.ż=!	$L0ȯ1ń,ʙ@"
ÖŀKĕ>Ȫ0EʔƵK,')&-Ĭ3ȘĔKʆǫȩȷKʿ@G-3Ĕ
˯KFʤG.-&3'.ż=!	ǴƂʚȓ=!	 
 =&«3ȩȷĿ3Ʃƚ1Aʏ10)&.Ƃ ,F=!	ɉȑ§ɍƩƚ14ɧÜ-4ǩ+
0)&ʂȀE3NpuPcKĬ
&'=&	ȩȷ1˖,'-40ʲŞ3ȰĹ1
GíČBƋɶ3ʿǤ0/1*,AƩ,&'=&	ȚŐƹÙƩƚE4zMPuɴȤǟ
KƐÉ=&	óçƂʚ&=!	ƅÇŐǢǞÙƩƚ14zMPu1˖!GĔ˯1*,Ȣʗ
13),&'=&	 
 è,`eh3ÐʯƱ1Aʏ10F=&	ȇ1ĊȩȷĿ3ǔŐL˵ɲL
14ĭĪʏ10F=&	ǔŐL4Ƴ˩Eȯ3ȩȷ1˖!GȘĔ1*,Ô1ɣƩ,
'F=&	=&ȯư&1 F8LK˔ș!G.10)&.14ǚƄE¾Ȑ!GˋĒ1
ɨG=-Ȣʗ13),'=&	F8L3˔ș1˖,4ǔŐL3óç),ʿL'.Ƃ
 ,=!	˵ɲL14Ĺˋȏ-)& 1Ş˕ÑďǮƫ^1*,ȍʘEľ˝1Ɗ-3
ǯƁȀ1ɨG=-Ǜ
0.KƩ,&'=&	¹DFȩȷ1ń!Gĳî1*,Ĺ8
.Ĭ)&-!	 
 $,ĊȩȷĿ3ĊǄ-GʡʁLǕL14Ǜ
0Ħ˦-ê,AE=&	ȯȩ
ȷ-ʨ,G.Ĕ˯3øĘB$3ʆǫɀ1*,ʃʩ10),Ô1ɣ,H=&	2 ¦
&E$ȩȷKʿ@G.-&.ż=!	`eh3«3ȩȷĿ3ĊǄ&(1A
Ƃʚ,=!	ĊǄ3ȝ.Ǜ
0ʏK!G.-ǩÜʪƞK,ƥ@,ȩȷ1ë?.-&
.ż=!	 
 ĊȩȷĿ3űʯ1AƩJG.Ĭ)&-!	«3Üˎ1*,ư&0ȦʛKųG.-=
&	-AĊ ÑďǮƫ^.m-ȩȷKÔ1ɵ)&˶ɲL14¨űAˬũ),ȩ
ȷKʿ@,;.ż=!	 
 ǀű1ǅȩȷKʿ@G-óç&'&Ó,3Ʊ1ƥ@,ǴƂʚȓ=!	 
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